Abstract-Alteration of neuron structure can induce abnormalities in signal propagation for nervous systems, as seen in traumatic brain injuries, damage and tumours. Here, effects of geometrical changes and damage of neuron structure are investigated in two scaled nerve bundle models, made of myelinated and unmyelinated nerve fibres. We propose a 3D finite element model of a nerve bundle as a unique framework in Abaqus CAE 6.13-3, combining a real-time fully coupled electromechanical, modulated threshold for spiking activation and independent alteration of the electrical properties for each 3-layer fibre. The insulation sheath of myelin constricts the membrane deformation and lower strain levels are found at the nerve membrane in the myelinated bundle. The significance of this study is the difference in distribution of residual stresses and strains at the membrane for the different sizes and types of fibres.
I. INTRODUCTION
The shape and size of the neuron vary greatly throughout the human body [1] . Electrical signal propagation is highly dependent on the geometrical structure of neurons, and therefore the geometrical alteration of the neural morphology can modify the propagation properties of the action potential (such as delayed propagation) and the capability to evoke action potentials [2] , [3] . Injuries or imposed mechanical stresses (such as trauma [4] or tumors [3] ) are major causes of neuron deformation.
Recent progress in physiological measurements has led to new insights into damaged neuronal behaviour where electrophysiological and functional deficits of the neural activity are known to be functions of the applied strain and strain rate [2] , [4] , [5] . Electrophysiological impairments (such as leaking ionic channels [6] , [2] ) are associated with structural damage of the neuron tissue. The loss of nerve membrane integrity, due to the applied deformation (as in an over-stretched nerve cell), leads to changes in electrical signal propagation [7] , [6] .
Previous modelling efforts have simulated onedimensional damage of a nerve fibre [4] and changes in neuronal structure [3] , but advanced three-dimensional (3D) models explaining damage and propagation in nerve bundles with different sizes are still missing.
In this paper, we evaluate the influence of neuron morphology on strain and stress distributions during signalling in damaged nerve bundles made of identical myelinated or unmyelinated nerve fibres. We consider the case of two scaled nerve bundle models with a ratio of 2:1, where the nerve fibres inside follow the same ratio. The use of different sizes and nerve types aims at enhancing the understanding of neurotrauma in mechanically-injured bundles, as shown in experiments at the cellular level [5] - [7] . Here, neurotrauma is investigated as an applied damage (or mechanical stretch [5] ) to a nerve bundle, where the damage at the nerve membrane of each fibre leads to alteration of the fibre activation [2] , [6] .
We propose a 3D electro-mechanical model to investigate the changes in neuronal membrane excitability [4] and propagation [2] in response to changes in electrostriction [8] due to an induced-mechanical damage [4] , by using electrothermal equivalences in finite element (FE) analysis [9] . Electro-thermal equivalences and equivalent materials properties have been shown to be an efficient approach to resolve three-dimensional electrical problems in a coupled electro-mechanical analysis using Abaqus CAE 6.13-3 [9] .
This approach might be crucial to study the mechanics behind neuro-physiology as observed experimentally in damaged nerve membranes of clinical cases (such as multiple sclerosis) [7] , [5] , [10] .
II. METHODS

A. Electro-mechanical coupling
Building on the equivalent electro-thermal modelling approach for nerve cells described in [9] , the coupling of the electro-mechanical effects of the action potential [11] is achieved through modelling of the nerve membrane as a piezoelectric material [12] , [13] .
The thermo-elastic strain-stress relation is described in (1) , where { } is the total strain vector, [ ] the compliance matrix, { } the mechanical stress, { } is the thermal expansion coefficients vector and is the temperature difference [14] , [15] ,
Based on this relation, the piezo-elastic relation is given in equation (2) where { } is the piezoelectric strain coefficient vector, ℎ is the thickness of the piezoelectric layer and ∆ is the voltage difference [14] , [15] ,
By the electro-thermal analogy [14] , [15] , the electric field is equivalent to a thermal load, while the piezoelectric constants are equivalent to the thermal expansion coefficients, see (1) and (2 in that direction. This value is based on experimentally observed deformation levels for cell membranes under voltage excitation as reported in [13] .
B. Model
The bundle model simulates the exchange of charges in four identical neurites. Each neurite consists of a cylindrical region of intracellular media (ICM) enclosed by a thin membrane and surrounded by extracellular media (ECM) [9] .
The electrophysiological impairments are simulated in two fibre bundle (FB) models, scaled as 2:1. Here, only the cases of a fully unmyelinated bundle (UN-FB) or a fully myelinated bundle (MY-FB) are considered, but the same process may be applied to investigate mixed fibre bundles. The neurite radii of the small bundle (FB1) model are: = 0.477 µ , = 0.480 µ and = 0.500 µ [9] . The neurite radii of the second bundle (FB2) are double those of FB1, while the membrane thickness remains constant at 3 . As a first step, this analysis is focussed on the radial distribution of charges rather than on the longitudinal variations, hence the length of the bundle is 5 for a diameter equal to 2.41
for the FB1 and 4.82 for the FB2, see Fig. 1 . The diameters of these fibres are within the range of the human optic axon [1] .
The insulation sheath of myelin around the nerve fibre is modelled neglecting the physical extension of the myelin layer. Instead, we assumed an ICM encased by a unique layer, which is periodically-partitioned similarly to the histologic section of a myelinated fibre. Different conductivity values are assigned at regularly spaced intervals within the same layer, which correspond to the membrane's thickness [16] . The width of the piecewise conductive regions (or Ranvier's nodes) is 0.002 and the internode distance is 1 (refer to [16] ), see Fig.1 . Furthermore, we assumed: the fibres are parallel; the Ranvier's nodes are aligned and equally spaced; and the inner cross section of the fibre is constant [16] .
The FB1 model consists of 53,240 nodes, with 50,166 coupled thermal-structural (C3D8T) elements; and, the FB2 model consists of 20,500 nodes, with 18,912 C3D8T elements. The non-uniform mesh designs were motivated by computational efficiency. Incompressible isotropic mechanical properties [17] are assumed in both models while the electrical model parameters are taken from [4] .
C. Damage evaluation
The strain-based damage affects the sodium and potassium reversal potentials ( ( ) and ( )), simulating the changes of the ionic concentration across the nerve membrane depending on the membrane strain ( ) [4] . If a maximum value of strain is achieved, , the reversal potentials are zero, otherwise the changes follow the equation (3) if <̃ [4] :
Here, the parameter is an index referring to the sensitivity of the damage for small versus large deformation, see [4] . Then, the reversal potential of the leak ions − is not influenced by the strain but varies based on changes in gradient concentration of potassium and sodium across the membrane [4] . 
D. Implementation
By modelling the nerve membrane as a piezoelectric material [12] , orthotropic piezoelectric constants have been assigned using the ORIENT user-defined subroutine in Abaqus CAE, which provides a means for defining local material property orientations.
The transmembrane voltage of the membrane is applied as a thermal load through the membrane thickness using the DISP subroutine (i.e. the user subroutine to specify prescribed boundary conditions), see Fig. 2 , where the initial value is the voltage calculated using the linear resistor-capacitor model as in [11] . The USDFLD subroutine allows the redefinition of field variables at a material point which, here, is done according to the Hodgkin and Huxley model [11] of neuron activation. The real-time monitoring of the calculated outputs (such as strain, stresses and voltage) in the USDFLD leads to a proper alteration of the Hodgkin and Huxley variables, see (3) and references [2] , [4] .
Then, the alteration of channel properties and the shape of the activation function account for a large variation in spike threshold. Hence, the spike initiation (about −55
[11]) changes in the bundle, as described by [18] .
In the UMATHT subroutine (i.e. the user subroutine to define a material's thermal behaviour), the membrane electrical conductivity, , is programmed to change in response to the membrane voltage, while the electrical capacitance per unit area, , changes with the square of the voltage [19] . Here, the UMATHT is used as directory to assign different electrical properties to the membrane of each fibre in the bundle, depending on the spike initiation [18] , strain [2] , [4] and voltage [19] . In terms of boundary conditions, a radially uniform voltage Gaussian distribution activates Fibre #3, see Fig. 1 and 2 , while the others are activated only if the diffused charges from Fibre #3 generate an input voltage higher than the modulated threshold [18] . The 3D distribution of charges modulates the activation of the other fibres.
E. Validation
The strain-based damage criterion reproduces the stretchdamaged transient currents by a shift (or left-shift) of ionic channel properties at the nerve membrane, which leads to changes in ion homeostasis across the nerve membrane and delays the action potential [2] , [4] , [5] . The traumatic mechanically-induced damage [2] , [4] is validated by using a coupled left-shift ( ) model of the Hodgkin and Huxley model [2] reproducing experimental evidence [6] , [2] , as in [4] . Then, we assumed that both potassium and sodium channels are equally affected by the strain [4] . Only a fraction of nodal channels affected ( ) undergoes a , while the rest of the membrane's channel,(1 − ), remains intact [2] . Here, only the extreme cases of entire membrane traumatized ( = 1) or intact membrane ( = 0) are shown. Fig. 2 . Flowchart of the code describing the active behaviour [11] , [19] of the nerve membrane. Here the action potential is a function of voltage [11] and strain [4] ; and, the capacitance is a function of the squared voltage [19] and strain [4] . The spike initiation is determined by the modulated threshold [18] . The membrane's conductivity, , and the capacitance, , are prescribed for the activated fibre by using the UMATHT(A) and for the passive fibres by using the UMATHT(P). DISP is the user subroutine to specify prescribed boundary conditions; ORIENT provides an orientation for defining local material directions; UMATHT is the user subroutine to define a material's thermal behaviour; and, USDFLD is the user subroutine to redefine field variables at a material point in Abaqus CAE 6.13-3.
III. RESULTS Fig. 3 shows the hyperpolarization of the ionic channels due to a LS equal to 20 , as in slow-severe trauma cases [2] , [4] . Fig. 3 reports the signal propagation of the membrane of five cases representing the uniaxial loading of a nerve bundle: the reference case of the intact non-traumatized unmyelinated membrane ( = 0 ; = 0) [11] ; the intact non-traumatized myelinated membrane ( * = 0 ; = 0); the damaged and intact unmyelinated membrane ( = 20 ; = 0); the loss of integrity of the unmyelinated membrane due to damage ( = 20 ; = 1) and the propagation of signals in a fully traumatized unmyelinated membrane, after the damage ( = 0 ; = 1). A high LS changes the voltage gating variable and produces a shorter firing period of the spikes, as shown in experimental evidence both at the cellular level [6] , [2] and in tensile tests [4] , [20] . As shown in Fig. 3 , the geometrical alteration leads to a time-delay of the signal, from 5 to 14
, and a lower amplitude, due the leaky channels [2] . For a high damage, the membrane cannot generate an action potential and the resting potential increases (from −65. 5 to about −54 ) [2] , [4] , see Fig. 3 . The electrophysiological impairments associated with structural damage of the neuron mechanics affect the electrostriction of the membrane [13] , [17] . Fig. 4 and 5 show the radial (i.e. along the − ) displacement of the membrane in fully unmyelinated (UN) and myelinated (MY) bundles, respectively. In each figure, the displacement of the small bundle (FB1) is shown in (a) and the large one (FB2) in (b). Results show the maximum radial displacement of a node on Fibre #3, see counterplot distribution in Fig 5. The electric field across the membrane changes intensity due to the change of trans-membrane voltage and the geometrical alteration [15] . Fig. 3 . LS is the left-shift voltage induced by a standard strain applied on the neurite [2] . AC is the fraction of affected ionic channels by the strain [2] . The membrane's potential is : action potential ( = 0 ; = 0); damaged membrane ( = 20 ; = 0); damaged traumatized membrane ( = 20 ; = 1) and traumatized membrane after damage ( = 0 ; = 1). The case of * = 0 refers to an action potential in a fully myelinated bundle with = 0. The amplitude decreases when the signal is read at a node far from the source. Residual compressive forces are found in damaged intact and traumatized membranes, see Fig. 4 and 5. Fibres with larger diameter are more easily excitable because they exchange a higher number of charges across a larger membrane surface, see Fig. 4 (b) and 5 (b) . Doubling the diameter of the unmyelinated bundle, the residual forces at the membrane are higher, see Fig. 4 (b) , than the reference case, see Fig. 4 (a) . In comparison to an unmyelinated bundle, the myelin layer constrains the displacement of the membrane, see Fig. 5 (a)-(b) , and the overall piezoelectric strain is smaller compared to Fig. 4 (a)-(b) . Similar to unmyelinated fibres, the highest displacement shown in myelinated fibres is for the largest diameter, see Fig. 5 (b) , while the inclusion of damage ( = 20 ) leads to smaller displacement for the larger fibre comparing to MY-FB1, see Fig. 5 (a) . Doubling the diameter, the displacement for a traumatized nerve membrane after damage is within a similar range of values for both MY-FB1 and MY-FB2. In contrast to an unmyelinated bundle, the geometry of the bundle has less impact on the membrane displacement when the myelin layer is included, see Fig. 6 shows the displacement distribution in UN-FB2 and MY-FB2 for the case of damage traumatized membrane. Residual stresses and strain found at the membrane are compatible with observed delays in spontaneous membrane repair after fast strain [20] , and with the changes in signal propagation as in demyelinating disease [7] , see Fig. 3 
IV. CONCLUSION
Electrophysiological impairments of neurotrauma were investigated in nerve bundle models of different types and sizes. The model show changes in electrostriction, residual stresses and strains, and neural activity due to mechanical damage, as seen in experiments [2] , [10] . Lower strain levels are found in myelinated vs. unmyelinated bundles and fibres. On-going work applies this model to traumatic brain injuries (TBI) in which axonal damage is found to be the most common pathologic features of TBI [21] . 
